. Event-by-event track structure codes like PITS are believed to be superior for microdosimetric applications, and they are written for this purpose. PITS tracks electrons in water down to 10 eV. PENELOPE is one of the few general-purpose codes that can simulate random electron-photon showers in any material for energies from 100 eV to 1 GeV. The model used in the comparison is a water cylinder with an internal scoring geometry made of spheres 1 m in diameter where the scoring quantities are calculated. The source is a 25 keV electron pencil beam impinging normally on the sphere surface. This work shows only the lineal energy y and spectra graphical presentation as a function of y since for microdosimetry and biology applications, and for discussion of radiation quality in general, these results are more appropriate. The computed PENELOPE results are in agreement with those obtained with the PITS code and published previously in this journal. This paper demonstrates PENELOPE's usefulness at low energies and for small geometries. What is still needed are experimental results to confirm these analyses. ᭧
INTRODUCTION
The purpose of this Monte Carlo computational work was to support an ongoing experimental program at the Advanced Light Source (ALS) synchrotron facility at LBNL. These calculations are intended to support basic research into the bystander effect for low doses of radiation in very small volumes of biologically important materials.
The bystander effect refers to a wide range of effects on unirradiated cells from radiation-exposed neighbors (1) (2) (3) (4) (5) (6) (7) . Although the mechanisms underlying bystander effects are unknown, multicellular crosstalk after exposure to low doses or low dose rates of ionizing radiations may trigger signal transduction pathways that might deregulate normal cell function in both the irradiated cells and the neighboring unirradiated cells, leading to bystander effects. It is essential that the microdosimetry of microbeams of low-LET and high-LET radiation be completely characterized to elucidate bystander mechanisms. Event-by-event track structure codes like PITS are believed to be superior for biological and microdosimetric applications, and they are written for this purpose. However, these codes are not always available to the general public for simulations with goals different from those for which they were created. A list of track structure codes with their main differences has been published by Nikjoo (8, 9) . Most of these codes are not accessible to people outside the developing group or are not ready to be released because improvements are planned.
PENELOPE is one of the few of the widely available general-purpose codes that can simulate random electronphoton showers in any material for energies from 100 eV to 1 GeV. Moreover, this code can be adapted to the user's goal, for example in biological and microdosimetric applications, although not much work has been done to verify the applicability of the code for these purposes.
PITS tracks electrons in water with an event-by-event Monte Carlo approach down to 10 eV. Some of the reasons for the believed superiority of track codes like PITS are: (1) These codes are often dedicated (written for a specific purpose) (2) Monte Carlo approach (event by event, not condensed histories or mixed schemes), and (3) cross-section and energy limits (PITS track electrons down to 10 eV).
The purpose of our preliminary computational work is to verify that the PENELOPE code can be applied to investigations of bystander effects in individual cells due to X-ray microbeams. This work has entailed the application of two different Monte Carlo codes to calculate various microdosimetric quantities in water with reference to some published results, although little experimental and computational work exists for electron and photon microbeams for energies below 25 keV. One recent publication with results from a well-known track code is a paper by Wilson et al. (10) . Wilson et al. are the main authors of the PITS track code designed for microdosimetric applications (10) (11) (12) .
METHOD OF CALCULATION
The overall model for the comparison presented in this paper is a water cylinder of 10 m radius and 1 m height with an internal scoring geometry made up of spheres 1 m in diameter. The source is a pencil electron beam of energy 25 keV impinging the cylinder along its axis and normally on the sphere surfaces. This was done by assuming that the radiation field is rotationally symmetrical about the beam axis, which is also the axis of the cylinder. This consideration also allows us to choose equivalent non-overlapping spherical scoring sites with the centers at a constant radial distance r from the axis with r from 0 to 10 m, and at a fixed penetration distance, x ϭ 1 m. The events with energy deposited were scored individually in each sphere, and the results were combined to improve the statistical power of the results and to gain more information. Published results obtained with PITS (10) refer to a cylindrical geometry that is 10 m in height, has a 10 m radius, and is filled with 1-m spheres; the focus of the calculations presented in this paper is on the first layer of spheres with centers at a depth of 0.5 m. Other more extensive work has been done and includes calculations for other microdosimetric quantities and units obtained with different simulation parameters and cases. Some of these results have been presented and published as internal reports 2, 3, 4 and may constitute the basis for future work and publications in the open literature.
Logarithmically distributed energy bin widths were used in scoring the energy deposited in each sphere with both codes. The results with PENELOPE have 100 bins while the PITS results presented in ref. (10) have 40 bins. Using 40 bins does not appear to produce much difference in the shapes of the spectra.
PENELOPE simulates electron-positron-photon transport in up to 92 elements and in 180 compounds and mixtures. The subroutines need to be compiled and linked with a main program provided by the user; this main user code has to control the evolution of the simulated tracks, keep track of the relevant quantities, and define the material, volume and internal scoring volumes. The PENELOPE code is written in FORTRAN77 while the user code is written in both FORTRAN77 and Matlab. Both the code and the user code are compiled and run on a 650 MHz PC. Using PENELOPE, 200,000 Monte Carlo histories were simulated in about 1 h computer time. The statistical standard deviation of the results is always kept lower than 1%.
With PITS, up to 200,000 tracks were simulated; no accounting of the computer time necessary to complete the simulation was kept. The total computer time amounted to hundreds of hours on dedicated workstations.
The difference in computer time is explained by the different simulation algorithms used. Codes like PITS deal with event-by-event simulations using a detailed-history Monte Carlo method and track electrons down to 10 eV based on measured cross sections for electron scattering from water molecules (11, 12) . PENELOPE, on the other hand, uses an algorithm that incorporates a scattering model that combines numerical total cross sections (or stopping cross sections) with simple analytical differential cross sections for the different interaction mechanisms. Individual interaction events are simulated by means of purely analytical, exact sampling methods, so that the structure of the simulation code is very simple. For electron transport, PENELOPE implements a ''mixed'' simulation scheme that combines the detailed simulation of hard events with a condensed simulation of soft events. Events with polar scattering angle or energy loss W larger than previously selected cutoff values S and W C ( Ͼ S or W Ͼ W C ) are treated in a detailed way. Electron transport is also characterized by many small events with scattering angle or energy loss less than the corresponding cutoffs ( Ͻ S or W Ͻ W C ) that are described by means of multiple scattering approaches in a condensed simulation. With PENELOPE it is necessary to adjust to the small geometries (if comparing with macroscopic problems) by varying the value of DSMAX that defines the maximum allowed electron step length. When the particle moves in a thin body like the cell simulated here, the DSMAX is given a value of the order of one-tenth of the ''thickness'' of that body (0.1 m).
RESULTS
Microdosimetry is the study of energy deposition processes in biological media with particular emphasis on phenomena related to the physical aspects of the action of radiation on living systems. Important quantities defined in microdosimetry and fully described in ICRU Report 36 (13) are energy imparted and lineal energy y.
The energy imparted to the matter in a volume (scoring volume) is
where is the summation performed over all energy deposits in each sphere expressed in terms of joules (J) or eV; T in is the energy of the incident ionizing particle; T out is the sum of the energies of all ionizing particles leaving the interaction; Q ⌬m are the changes in the rest mass energy of the atom and all particles involved in the interaction. The lineal energy y is the energy imparted to matter in a volume by a single energy deposition event divided by the mean cord length l in that volume. It is expressed in J/ m or in keV/m: y ϭ /l. Since the scoring volume is a sphere with diameter d of 1 m, than l ϭ 2d/3 ϭ 2/3 m.
The quantities presented here provide a basis for understanding the results and microdosimetric quantities analyzed below. Other microdosimetric quantities were also computed and presented in an internal report. 
is a density distribution function with dimensions of 1/ y (m/keV) such that the probability of having an event in the interval y, y ϩ dy is f(y) dy. The plot of the frequencymean lineal energy radial distribution (Fig. 1) shows the statistical fluctuations of earlier work using PITS that were overcome in later computations by increasing the number of simulated tracks and consequently the computer time. Nevertheless, the trend of the values obtained with the two codes appears to be in quite good agreement. Figure 2 shows the lineal energy radial distribution for spheres at radial distances r from 0 to 10 m in the first layer of spheres (0-1 m). It presents a comparison of the PENELOPE user code with data obtained with more recent PITS simulations by Wilson (private communication). The quantity analyzed here is obtained for each sphere s from 1 to 11 by multiplying the frequency-mean lineal energy y Fs by the probability of that sphere being hit by radiation Phit s :
For most spheres, the agreement in the results for the two codes is good, particularly for the fifth sphere (s ϭ 5, r ϭ 4 m, and x ϭ 0.5 m). Nevertheless, some results show relevant discrepancies, especially for the first sphere (s ϭ 1, r ϭ 0 m, and x ϭ 0.5 m) hit by radiation (Fig. 4) . 
A plot of the radial dose distribution and other computed microdosimetric quantities are presented in full in an internal report. 
This is the standard representation of a microdosimetric spectrum (14) . The choice of the parameters was made based on the values suggested by the authors of the PENELOPE code (15, 16). The PENELOPE code answers for yf(y) can be affected significantly by changing the simulation parameters C 1 , C 2 , W CC and W CR . For this reason, several simulations with combined values for these parameters were performed to verify the range of applicability for microdosimetric applications. This was done with particular attention by comparing with published PITS results (10) . By changing the values of these parameters, it is possible to change the speed of the calculations and thus the accuracy and ultimately the shape of the spectra. Considering the suggestions of the authors of the PENELOPE code and according to the simulations performed in the framework of this microdosimetric application, the values of C 1 , C 2 should be in the range of 0 to 0.2. Figure 4 shows how the shape of yf(y) can change when the C 1 , C 2 parameters are changed. However, other integral quantities such as y Fs and Y S (Figs. 1 and 2) are not affected as much.
The comparison with PITS for yf(y) in the first sphere is obtained by normalizing the results with PENELOPE to those with PITS to be able to examine the same area and study the shape of the spectra. From Figs. 1 and 2 , it is evident that for the first sphere the integral quantities calculated with the two codes are in disagreement, so the spectra would also have different areas. Thus a normalization is necessary to study and compare the yf(y) shape. The comparison is made only for the first sphere, where both PENELOPE and PITS yf(y) data were available. For the fifth sphere, the results of the two codes are in better agreement.
For larger values of C 1 and C 2 the simulation is faster, but at the expense of a certain loss in accuracy. The cutoff energies W CC and W CR also influence the simulated energy distributions and speed: Larger cutoff energies would allow a faster and less accurate simulation. The input parameter C 1 is the average angular deflection produced by multiple elastic scattering along a path length equal to the mean free path between hard elastic events. C 2 is the maximum average fractional energy loss between consecutive hard elastic events. The input parameter W CC is the cutoff energy loss (in eV) for hard inelastic collisions while W CR is the cutoff energy loss (in eV) for hard Bremsstrahlung emission (15) . Figure 3 presents a comparison of the PENELOPE user code with data obtained with PITS and presented in Fig.  5b of ref. (10) . The plot shows that for this radiation and for this 1-m diameter of the spherical scoring volume, most microdosimetric events have lineal energy values of y ഠ 1 keV/m, which corresponds to energy deposited at E ഠ 0.667 keV. The ordinate is multiplied by y, and in the semi-log representation, the area under the curve delimited by any two values of y is proportional to the fraction of dose delivered by events with lineal energies in this range (14) . The results presented in Fig. 3 for the PENELOPE code were obtained using the parameters C 1 , C 2 , W CC and W CR that would minimize the differences from the PITS results, especially for the yf(y) spectra, after several simulations were performed with a combinations of simulation parameters. C 1 ϭ C 2 ϭ 0.2, W CC ϭ W CR ϭ 100 allow a better comparison, and only one peak is present. The results using the two codes appear to be in general agreement with regard to the shape and the y ϭ 1 keV/m at which the peak of yf(y) is evident. Regarding the shape, the lower lineal energy component in the PENELOPE-derived spectra may be related to excited states of water, whereas the higher lineal energy event component may arise from the ionization of water. For this reason, further simulations will include the use of the latest main PENELOPE code, which has additional and improved features regarding the properties of water. The authors believe that more is to be learned by understanding the differences in the two calculated spectra by also comparing them with experimental data also as a function of depth. This is essential considering the importance of the spectrum of the lineal energy event distribution which provides data useful for elucidating the biological mechanisms underlying multicellular crosstalk. Figure 4 shows the normalized frequency distribution from PITS and from two different PENELOPE simulations, each normalized to the PITS results, obtained with a different set of PENELOPE parameters: PENELOPE (C 1 ϭ C 2 ϭ 0.2, W CC ϭ W CR ϭ 100) and PENELOPE with different parameters (C 1 ϭ C 2 ϭ 0, W CC ϭ 0, W CR ϭ 10). The normalized frequency distribution obtained considering C 1 ϭ C 2 ϭ 0, W CC ϭ 0, W CR ϭ 10 as simulation parameters clearly shows two peaks for Y 1 ഠ 0.6 keV/m and a smaller peak for Y 2 ഠ 2.5 keV/m. These values correspond to energy deposited at E 1 ഠ 0.4 keV and E 2 ഠ 1.667 keV.
By changing the values of these parameters, it is possible to change the accuracy and thus the speed of the calcula-tions and the results. For this reason a wide variety of cases have been tested 2 as to gain a better understanding of how to perform microdosimetric simulations using PENELOPE transport subroutines.
CONCLUSIONS
These calculations show the different performances of a user code based on PENELOPE version 2000 and the PITS code for the evaluation of microdosimetric quantities. The results of the PENELOPE code were obtained using the parameters C 1 , C 2 , W CC and W CR (15) , which would minimize the differences compared to PITS results, especially for the yf(y) spectra (Figs. 3 and 4) . The agreement for lineal energy distribution is evident for the fifth sphere and in most of the spheres with some discrepancies for the first sphere hit by radiation (Fig. 2) . The trends of the frequencymean lineal energy distribution with the two codes also appears to be in quite good agreement despite the statistical fluctuations in earlier work using PITS (Fig. 1) .
Further work has been initiated to overcome the disagreement observed in some regions and for certain microdosimetric quantities with the new 2003 version of PE-NELOPE (16) . One of the new features of the 2003 version is the ability to improve the reliability of the simulation in materials, such as water, for which there are enough empirical information (private communication from Salvat; to be published).
The model for the comparison presented in this paper is a water cylinder of 1 m height, but important information can be obtained considering spectra of lineal energy event distributions as a function of depth in a geometrical model of at least 10 m in height. Monte Carlo-calculated lineal energy event distribution spectra may provide useful data for elucidating the biological mechanism(s) underlying the multicellular crosstalk referred to as the bystander effect. For this reason, we believe that further analysis and additional investigations are needed, and we hope to make this the subject of further work.
Despite some disagreement, this preliminary work is important because it demonstrates that codes like PENELOPE can be used for the evaluation of dose and microdosimetric quantities even for small sizes and energies that are well below those for which the code was originally created. The results for all the computed microdosimetric quantities in lineal energy, specific energy, and energy deposited have been presented in an internal report 2 while the present work shows only the lineal energy y and graphical presentations of the spectra as a function of y since these quantities are more appropriate for these applications and for discussion of radiation quality in general (13) . Other studies such as that of Stewart et al. (17) have pointed out the possibility of using the PENELOPE code for microdosimetric applications despite some differences in computational results, which are always affected by statistical fluctuations. Microdosimetry is a field in which track structure codes are believed to be superior. If general-purpose Monte Carlo codes with a mixed algorithm like PENELOPE can provide valid answers, using them will have several advantages: (1) ease and general availability; (2) the possibility to obtain results for many materials other than water; (3) more widespread (suggestions and ''bug discovery''); (4) more frequent upgrades and benchmarks from the authors and from the users, thanks in part to their interactions; (5) normally it is more user-friendly, especially compared to a code created ad hoc for a specific problem.
Further work is planned or is under way, including: (1) studying microdosimetric quantities with the new 2003 version of PENELOPE; (2) adopting the same codes and models to simulate a 12.5 keV photon microbeam; (3) benchmarking the computations for the 12.5 keV photon against experiments performed at that energy at LBNL's ALS; (4) considering comparisons of dosimetric and microdosimetric estimates with other track codes; (5) improving the geometrical model of a real single cell and simulating a cluster of cells.
Finally, this work has shown the following: (1) The general-purpose Monte Carlo codes with a simulation scheme like PENELOPE can be used in biological and microdosimetric applications. The results are in agreement with those obtained with a track code like PITS if the simulation parameters are chosen carefully. (2) There is still a need for experimental results to confirm computational analysis at the microdosimetric level and for low-energy photon and electron sources. The microdosimetric quantities computed and analyzed are proportional to RBE values (18, 19) , and this work is important for radiobiologists who study biological effects on living cells. (3) Although much work as been done in the past (8, 13, 14, 20, 21) , experimental, theoretical and computational work are all needed for a better understanding of the link between the physical nature of a radiations and its biological effects.
